9 1 0
after distraction between subjects. These results reveal a previously unknown mechanism 2 0 explaining how distraction during consumption attenuates neural taste processing and increases 2 1 food intake.
The study was preregistered at Figure 1 . Trial structure of the categorical visual detection task. Each trial started with an instruction screen, indicating the target category (furniture, tool, or toys) and attentional load (low ('>') or high ('>>>') of the trial. Then, pictures were presented followed by a visual mask, and subjects were instructed to push a button as fast as possible upon detection of pictures belonging to the instructed category. During each trial, subjects received a sip of low or high-sweetened chocolate milk, or a sip of tasteless neutral solution through a gustometer. Markers were placed on the participant's neck to enable detection of participants' swallow movements. On-and offsets of the swallow movements were used to determine trial durations in the first level (single-subject) fMRI models.
re ce dly dent ) = ied equally across the low-and high-distraction trials: 50% high sweet chocolate milk trials, 50% low 1 0 0 sweet chocolate milk trials. As expected, the difference in sweetness did not affect performance 1 0 1 (Drink Sweetness (low, high): F(1,40) <1, p = .748; Drink Sweetness x Load: F(1,40) <1, p = 1 0 2 .907). To determine whether distraction, operationalized as attentional load, affected neural taste 1 0 6 processing, we tested the two-way interaction effect of Load (low>high load) and Sweetness 1 0 7
(high>low sweetness). Before testing this effect, we first determined whether our load and 1 0 8 sweetness manipulations activated the expected brain regions (i.e. fronto-parietal attention 1 0 9
network, e.g. Dosenbach et al., 2007 , and insula/OFC, respectively).
On our whole-brain corrected threshold (pFWE(cluster-level)<.05), we found effects of 1 1 1 attentional load in BOLD responses of a visual and a temporal region when only taking the high 1 1 2 frequent trials (90% high load trials versus the 90% low load trials) into account, i.e. when comparing between test days (high>low distraction day). However, when contrasting between the 1 1 4
high and low distraction days, while also taking the low frequent trials into account (high + low 1 1 5 distraction day: high load trials > low load trials, across drink types), we found areas typically 1 1 6 activated in tasks varying in attentional load, including visual and fronto-parietal regions ( Table   1 1 7 1).
1 1 8
Next, we localized brain regions responding to the difference in sweetness of the 1 1 9
chocolate milk (high>low sweetness, p<.001, uncorrected). As expected, within our a priori We collected blood at four time points during the experiment (finger prick method; t 0, t 30, t 50, and 1 7 1 t 75 ) to assess the effects of distraction on glucose level increase during and after the computer- 3.44, r = -.50, p = .002). This correlation was driven by a significant effect on the low distraction 1 8 3 day, on which increases in blood glucose rise were related to decreased hunger ratings (t(1, 37) = 1 8 4 -2.14, r = -.34, p = .039). On the high distraction day, there was no correlation between hunger 1 8 5 and glucose (t(1, 37) = 0.56, r = .09, p = .581). Thus, distraction tended to decrease the glucose 1 8 6 response to the consumed chocolate milk and attenuated the association between glucose and 1 8 7 self-reported hunger. 75 minutes after baseline) in mmol/L. Blood glucose increases were marginally lower on the high versus 1 9 2 low distraction day. Loess lines of best fit were used to fit the data. Effect of distraction on food intake 1 9 5
Forty-five minutes after completing the distraction task in the MR-scanner, we determined 1 9 6
whether distraction (attentional load) during earlier chocolate milk consumption affected the total 1 9 7 amount of chocolate snacks consumed ad libitum. Chocolate snack intake after the scan session 1 9 8 did not differ between the test days (M lowload = 65.6(5.9), M highload = 68.1(6.8), t(1,40) = -0.61, p = 1 9 9
.546). However, further analyses showed a significant interaction between attentional load and 2 0 0 session order (low distraction day first, high distraction day first) for snack intake (F(1,39) = 2 0 1 8.27, p = .007). Food intake was significantly higher on the second, relative to the first, test day, 2 0 2 independent of the attentional load of the test day (M testday1 = 61.2(6.2) g., M testday2 = 72.4(6.4) g., Additional analyses: Behavioral pilot study). In the pilot study, we found similar results, i.e. participants consumed more chocolate milk on the second test day than on the first (M testday1 = 2 0 8 73.2(10.3) g., M testday2 = 111.8(19.0) g., F(1,21) = 8.24, p = .008, Figure S1B ). It is therefore 2 0 9
likely that the interaction between load and session order for food intake is driven by a repetition 2 1 0 effect. Given session order effects on food intake, session order was added as a between-subject 2 1 1 factor to all other analyses. None of other reported results changed after correction for order, or 2 1 2
interacted with order (all p > .1).
Distraction-related brain-behavior correlations 2 1 5
Above, we showed that -across the group -our distraction manipulation diminished insula-OFC 2 1 6
connectivity, but did not affect insula sweetness responses, later food intake, or self-reported already demonstrated that there is variability between participants in how they respond to 2 1 9 consumption under distraction. To further explore inter-individual differences in the fMRI data,
we assessed whether the interaction effect (Load x Sweetness) in the right insula area co-varied
with the effects of distraction on the behavioral outcome measures (self-reported hunger and 2 2 2 fullness, food intake) and blood glucose levels. Interestingly, right insula activation during the 2 2 3 fMRI task co-varied with ad libitum intake of the chocolate snack 45 minutes after completing 2 2 4 the task (Load x Sweetness x food intake: F(1,39) = 4.81, p = .023, r = .36). Subsequent analyses 2 2 5
showed this relation was present on the high (F(1,39) = 9.61, r = .45, p = .004), but not on the 15 sweet drink on the high distraction day tended to predict how much participants would 2 2 8 subsequently eat on the high distraction day after fMRI (low sweet drink: F(1,39) = 3.87, r = -2 2 9
.30, p = .056, high sweet drink: F(1,39) <1, r = -.04, p = .823). Thus, individuals in which high 2 3 0 attentional load attenuated insula activation of the low sweet drink, showed increased subsequent 2 3 1 food intake (Figure 5) .
3 2
Including BMI and performance on the task as covariates did not change the above- reported pattern of findings. Finally, we did not find correlations for brain activation in the right 2 3 4
insula and blood glucose levels, hunger, or fullness ratings, or any brain-behavior correlations for 2 3 5
insula-OFC connectivity. .973) and high (HDD) distraction day (r = .45, p = .004, high-low sweetness. Panel C) correlations on the high 2 4 2 distraction day only, for low (LS, r = -.30, p = .056) and high (HS, r = -.04, p = .823) sweetness separately. Less We expected liking ratings to decrease significantly for the low and high sweet, but not the 2 5 0 neutral, drink over the time course of the task in the MR scanner as a result of sensory-specific 2 5 1 satiety. Results show a main effect of Time (F(1,19) = 6.49, p = .003)), indeed reflecting 2 5 2 significant decreases in liking after the task compared to baseline for the low and high sweet 2 5 3 drinks, but not for the neutral drink (see Table S1 for means and standard errors / deviations, and 2 5 4 statistics). Explorative analysis of the effect of distraction (attentional load) on liking ratings 2 5 5 showed no significant results (interaction effect of Load, Drink Type and Time: F(1,16) <1, p = 2 5 6 .795). At baseline, participants liked the high sweet drink significantly more than neutral drink 2 5 7 (high sweet drink, M = 6.1(0.3); neutral drink, M = 4.5(0.5), t(1,35) = 2.64, p = .012). There was 2 5 8 a marginally significant difference in liking ratings between the low sweet and neutral drink (low 2 5 9 sweet drink, M = 5.4(0.3); neutral drink, M = 4.5(0.5), t(1,34) = 1.73, p = .092). Furthermore, we assessed whether participants rated both the low and high sweet drink 2 6 1 equally far from the optimum (a rating of 5) in terms of how well the drinks matched their ideal 2 6 2 sweetness. As expected, we found no significant differences at baseline on this measure for the 2 6 3 low relative to the high sweet drink, showing that the low sweet drink was perceived equally far 2 6 4 from participants' ideal sweetness as the high sweet drink (mean difference from optimum: high 2 6 5 sweet drink, M = 1.5(0.2); low sweet drink, M = 1.0(0.2), t(1,26) = 1.47, p = .153). There were 2 6 6 no significant decreases on these ratings over time F(1,14) = 1.42, p = .280, Table S1), nor as a 2 6 7 function of distraction F(1,14) <1, p = .430). Imagined desire for something sweet or savory Taste and Time on participants' imagined desire for something sweet or savory ( Table S1 ). The showing successful induction of sensory specific satiety for the sweet taste (F(1,37) = 17.16, p < 2 7 8
.001). how distraction -operationalized by varying attentional load -affects taste activation in, and study, we varied taste intensity by contrasting activation in response to a high sweet versus a low 3 0 0 sweet drink, and corrected for subjective liking differences of the two drinks at baseline. Crucially, this correction did not change the results of the high>low sweetness contrast. Therefore, the currently observed responses of the insula in the high>low sweetness comparison were mainly driven by differences in intensity, explaining the dominance of the right insula. Importantly, we demonstrated that distraction attenuated taste-related functional connectivity 3 0 5 between the right insula -found for the high>low sweetness contrast -and an area in the OFC.
0 6
This OFC region is located in the caudomedial OFC (cmOFC, Small et al., 2007) , which is 3 0 7 thought to be a relay between the anterior insula and the caudolateral OFC (clOFC) which is 3 0 8 responsive to the pleasantness of taste (Small et al., 2007) . Another study manipulated 3 0 9 pleasantness of chocolate milk and tomato juice through satiation, and showed that pleasantness Our results further indicate that some individuals were more sensitive to distraction-related 3 1 5 attenuation of taste-related activation in the right insula than others. Only when high attentional 3 1 6 load affected taste processing of the low sweet drink in the insula, subsequent food intake of 3 1 7 participants increased. Previous work also showed large variation between participants in the Martin, Coulon, Markward, Greenway, and Anton, 2009). Furthermore, the meta-analysis by One study also investigated effects of (working memory) load on food-related processing 3 2 5 during fMRI (van Dillen and van Steenbergen, 2018). In that study, higher cognitive load We observed a marginally significant effect of distraction on blood glucose levels, i.e. the 3 5 1 increase in glucose levels was reduced after high (versus low) distraction. This was driven by a 3 5 2 significant distraction-related decreased rise in glucose levels when comparing blood glucose 3 5 3 levels 45 minutes after chocolate milk consumption (t 75 ) to baseline (t 0 ). The effect of distraction 3 5 4 on glucose levels correlated negatively with its effect on self-reported hunger. These findings 3 5 5 should be interpreted with caution, as the effect of attentional load on glucose did not relate to 3 5 6 subsequent food intake. Therefore, we cannot infer that lower blood glucose levels are related to However, we did not test voluntary meal initiation in this study and future studies should assess 3 6 3 how distraction-related differences in glucose levels affect this. One limitation of our study is that the design was optimized for the primary outcome 3 6 5 measure, i.e. the fMRI effects. Therefore, the distraction manipulation had to be relatively subtle. Distractions such as watching television versus doing nothing in the MR-scanner provide a less-3 6 7 controlled fMRI comparison with more noise than varying attentional load. The relative 3 6 8 subtleness of the distraction manipulation could explain why we did not find group effects of 3 6 9 attentional load on food intake, or on self-reported satiety measures. In conclusion, by using fMRI during consumption, we found that distraction reduced 3 7 1 functional connectivity between taste processing areas and that distraction-related attenuation of 3 7 2 taste-related processing in the insula predicted subsequent food intake. This provides a 3 7 3 22 neurocognitive mechanism that improves our understanding of (the susceptibility for) overeating, where being mindful about the taste of food during consumption could be part of the solution. In our current -overly distracting -society, attentive eating might be more important than ever, to attention in neural taste processing in obesity. During an intake, the study was explained to the participant, commitment and availability of the hip ratio (waist(cm)/hip(cm)) were measured. The participant practiced the task (see below) to 4 1 5 avoid between-session effects, and filled out questionnaires to screen for inclusion and exclusion 4 1 6 criteria. To be eligible for participation in the study, participants had to have a BMI within a were current pregnancy; MRI-incompatibility; diabetes mellitus; history of hepatic, cardiac, the center of the screen informed participants of the start (brown color) and finish (white color, 5 1 0 1s) of administration. At the end of each trial, the dot turned green (2s), cueing participants to 5 1 1 swallow the sip. As swallowing can also be an uncontrollable, reflexive movement, participants' 5 1 2 swallowing was filmed. A marker was placed on the Adam's apple, as this area shows the most 5 1 3 swallow-related movement (Figure 1) . Frame-by-frame video analysis of the marker's movement was later performed to pinpoint the exact moments in time when participants swallowed during 5 1 5 the experiment. Participants performed four blocks of 20 trials (a total of 80 trials). For the low distraction day, 90% of the trials were low-speed trials (pictures presented at a slow pace), and 10% of the 5 1 8 trials were high-speed trials (pictures presented at a fast pace). Thus, on the low distraction day, 5 1 9 29 each block contained 18 low-speed trials, and 2 high-speed trials. For the high distraction day, 5 2 0 this division was the same, however in the opposite direction (90% high difficulty trials, 10% low 5 2 1 difficulty trials). Each block had four neutral trials. Trials 1, 7, 14 and 20 were always neutral. Of 5 2 2 the remaining trials, 50% were of high sweetness, the other 50% of low sweetness. Category and 5 2 3 drink sweetness presentation were pseudo-randomized, i.e. the same category and sweetness were 5 2 4 never presented more than 3 times in a row. Moreover, maximally two target stimuli were 5 2 5 presented after another. To test for pre-experimental differences in liking of the high compared to low sweet chocolate 5 2 9 milk we performed a repeated-measures ANOVA with within-subject factor Drink Sweetness 5 3 0 (low sweet, high sweet) on the mean baseline ratings. We used the sensitivity index d-prime (d') to calculate participants' task performance. From the 5 3 4 task, four types of response were obtained: hits (target was detected correctly), miss (target was 5 3 5 present, but the participant incorrectly indicated there was no target), false alarms (participant 5 3 6 indicated a target was present when there was not), and correct rejections (participant correctly 5 3 7 indicated there was no target). D-prime was calculated using the formula: d' = Z Hit -Z FA 5 3 8 (Haatveit et al., 2010; Snodgrass and Macmillan, 1990) , where "Hit" represents the proportion of hits when a target was present (hits/(hits + misses)), also known as the hit rate, and "FA" represents the proportion of false alarms when a target was absent (false alarms/(false alarms + 5 4 1 correct rejections)), the false-alarm rate. D-prime is then calculated by taking the difference between the Z-transforms of these two rates. The Z-transformation was done using the statistical or +∞, perfect scores were adjusted by subtracting 0.0025 from the hit rate, and adding 0.0025 to 5 4 5 the false alarm rate. This correction resulted in maximum d'-scores of +5.61 (100% hits, 0% false 5 4 6 alarms), and minimum scores of -5.61 (0% hits, 100% FA).
4 7
Mean d-prime scores on the detection task were analyzed using repeated measures Type (low, high, neutral) as within-subject factors. Low frequent conditions (i.e. 10% low speed 5 5 0 trials on the high distraction day and vice versa) were excluded from this analysis, as the low 5 5 1 number of trials in these conditions would likely bias the results. To measure blood oxygen level dependent (BOLD) contrast, whole-brain functional images were 5 5 6 acquired on a Siemens 3T Skyra MRI scanner (Siemens Medical system, Erlangen, Germany) 5 5 7 using a 32-channel coil. During the task, 3D echo planar imaging (EPI) scans using a 5 5 8 T2*weighted gradient echo multi-echo sequence (Poser, Versluis, Hoogduin, and Norris, 2006) 5 5 9
were acquired (voxel size 3.5 x 3.5 x 3 mm isotropic, TR = 2070 ms, TE = 9 ms; 19.25 ms; 29.5 motion artefacts (estimation of the realignment parameters is done for the first echo and then 5 7 0 copied to the other echoes). The four echo images were combined into a single MR volume based 5 7 1 on 30 volumes acquired before the actual experiment started using an optimized echo weighting data. Subject-specific structural and functional data were then coregistered to a standard respectively. After segmentation of the structural images using a unified segmentation approach, 5 7 9 structural images were spatially coregistered to the mean of the functional images. The resulting 5 8 0 transformation matrix of the segmentation was then used to normalize the anatomical and 
Video analysis of swallow movements
To test for pre-experimental differences in liking of the three drinks we performed a repeated-7 0 0 measures ANOVA with within-subject factor Drink Type (low sweet, high sweet, neutral) on the 7 0 1 mean baseline ratings. Furthermore, we performed a repeated-measures ANOVA with within-7 0 2 subject factors Load (low, high), Drink Type (low sweet, high sweet, neutral), and Time (t 0(1) , 7 0 3 t 0(2) , t 30(1) , t 30 (2) ) to test whether liking decreased significantly over time for the drinks. Moreover, 7 0 4 we exploratively assessed whether liking ratings were affected by attentional load. With respect to the ratings on how well the low and high sweet drinks matched 7 0 6 participants' ideal sweetness, we aimed to show that both the low and high sweet drinks were at 7 0 7 equal distance from the optimum. To test this, we calculated the absolute difference from the 7 0 8 optimum by subtracting the optimum (a rating of 5) from the low and high sweet ratings. Subsequently, a paired samples t-test was used to test whether these mean ratings were 7 1 0 significantly different. Exploratory, we assessed whether there were changes in these ratings over Imagined desire for something sweet or savory 7 1 4 Before and after the task in the MR scanner, we asked participants how much they desired 7 1 5 "something sweet" and "something savory". If sensory specific satiety was successfully induced, 7 1 6 we expected their imagined desire for something sweet, but not savory, to decrease significantly 7 1 7 during the task. To test this, we executed a repeated measures ANOVA with within-subject 7 1 8 factors Load (low, high), Taste (sweet, savory) and Time (t 0 , t 30 ) and assessed the interaction Prior to the current study, we performed a behavioral pilot study with a similar set-up as the 7 2 4 current study in 31 participants. They performed the same visual detection task on two separate 7 2 5 test days (high, low distraction) in an MRI-like set-up in a behavioral lab. However, no actual 7 2 6 fMRI scanning was performed. To mimic the MRI-set-up, participants lay on a table and heard 7 2 7 MRI-sounds through headphones during the experiment. Participants performed 80 trials on the 7 2 8 visual detection task during computer-paced consumption of chocolate milk; however, there were 7 2 9 no trials during which the neutral solution was administered via the gustometer. Participants Functional specialization of the male insula during taste perception. NeuroImage, 119, 210-7 6 2 220. https://doi.org/10.1016/j.neuroimage.2015.06.062 Table S1 . Self-reported liking, ideal sweetness, and desire for something sweet or savory ratings, averaged over 8 9 0
Load (high, low). Related to "Results: Initial liking of gustatory stimuli". Means and standard errors per time point, 
